Introduction
Glucocorticoid induced osteoporosis is the most frequently reported secondary osteoporosis [1] , characterized by decreased bone formation and with an early but transient increase in bone resorption by directly affecting osteoblast, osteocytes and osteoclast involving in bone remodelling [2] . Cumulation of chronic use of glucocorticoid on bone cells causes a reduction in bone formation and increase in bone re-sorption therefore prompting deterioration in bone strength [3] . Over time, trabecular bone loss including Objective: To explore the effects of kelulut honey on bone structure and histomorphometry against glucocorticoid-induced osteoporosis. Methods: Thirty-five male rats were used (n = 7). Twenty-eight adrenalectomized rats were divided into four groups; each group was given normal saline 0.9% (negative control), calcium water (positive control), kelulut honey (200 mg/kg/day and 400 mg/kg/day, respectively) treatment, respectively. All of them were administered with intramuscular injection of dexamethasone (120 μg/kg/day) to induce osteoporosis. Seven sham operated rats were given vehicle palm olein 0.05 mL/100 g/day by intramuscular injection and 0.1 mL/kg/day orally. All the treatments were given daily for 2 month. Lipid peroxidation and oxidative stress enzymes were measured. In addition, bone structural and histomorphometry analyses were also conducted. Results: Two-month glucocorticoid treatment increased the level of malondialdehyde and decreased superoxide dismutase significantly. No significant changes were found in the activities of catalase and glutathion peroxidase. Bone volume/tissue volume and trabecular number were significantly reduced while trabecular separation of the femoral bones was increased which corresponded to the decreased number of osteoblast surface after two months of receiving glucocorticoid treatment. Kelulut honey treatment restored the level of superoxide dismutase and reduced malondialdehyde significantly (P<0.05). Moreover, kelulut honey increased bone volume/tissue volume, trabecular number and decreased trabecular separation significantly (P<0.05), which were further confirmed by increased osteoblast surface and decreased osteoclast surface number (P<0.05). Conclusions: Kelulut honey may have potential bone protective effect, and may be a prophylaxis against glucocorticoid-induced osteoporosis. 
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vertebral and femoral neck is most often affected with subsequent risk of osteoporotic fracture [4] . The consequence of osteoporotic fragility fracture is one of the worst side effects involving 30%-50% of patients taking long-term systemic glucocorticoids [5] .
Oxidative stress may play an important role in the pathogenesis of agerelated bone loss [6] . However, increase in oxidative stress is accelerated by the increase in the duration of glucocorticoid treatment [7] . Glucocorticoid promotes inflammatory cytokines like tumour necrosis factor alpha [8] , increased rate of bone loss and risk of fracture [9] by exerting direct effect on signaling molecules of bone remodelling mediated largely through up-regulation of peroxisome proliferatoractivated receptor gamma receptor 2 [10] ; suppression of Wnt/ 毬 catenin signaling pathway in osteoblast [11] ; induction of apoptosis in osteocyte [12] ; stimulation of macrophage colony stimulating factor and receptor activator of nuclear factor kappa-B ligand in osteoclast [13] .
Honey contains phenolic compound which acts as a natural antioxidant and becomes increasingly interesting because of its high potential in contributing to the health benefits [14] . Due to the high content of antioxidants, many studies have been conducted by researchers to uncover the benefits of honey [15] . Despite several studies regarding honey related antioxidant property on bone metabolism have been done, further evaluation of bone structure and histomorphometry after prolonged glucocorticoid is not well established.
Kelulut honey is a name known by Malaysian and some Asian region which is referring to the stingless bee honey. It is produced by bees without a sting from the species of Trigona. Kelulut honey is more liquid than other honey and it has a slightly sour taste with a distinctive odour [16] . Given the high antioxidant properties, the opportunity of kelulut honey to be used as a protective agent is very encouraging [17] . Previous study proved antibacterial and antioxidant properties of kelulut honey, suggesting its potential to be used as a treatment and as a supplement [18] . This study was aimed at determining the potential effect of kelulut honey in protecting bone from osteoporosis at cellular and microstructure levels and against oxidative stress induced by twomonth glucocorticoid treatment via its antioxidant activity.
Materials and methods

Materials
Dexamethasone sodium phosphate (Dexamethasone ® ), a glucocorticoid agent used in this study was supplied by Sigma Chemical Company (USA). Kelulut honey was taken from kelulut honey Farm (Gombak, Malaysia).
Experimental design
The study protocol was approved by The Universiti Kebangsaan Normal saline drink was given for adrenalectomized rats. After acclimatization for two weeks, the rats were divided into five groups (n = 7). After being anesthetized, adrenalectomy (removal of adrenal gland) procedure was done by incision of the dorsal midline skin and bilateral flank muscle to visualize the adrenal glands. Rats underwent adrenalectomy to avoid false endogenous stimulation of glucocorticoid. Both adrenal glands were identified and vessels supplying them were ligated to secure the bleeding before they were removed. Every bleeding area was checked and stopped by ligation before wound closure. The incisions were sutured at muscular layer followed by skin layer and then cleaned with normal saline. The wound was cleaned daily for five d by applying povidone iodine (Poviderm ® ) Cream (Hoe Pharmaceuticals, Malaysia) to prevent infection. Enrofloxacin (Baytril ® 5%) (Bayer Health Care, Thailand) is an antibiotic, and was given via intramuscular injection for 5 d to the rats as a prophylaxis against infection [19] . The glands were examined histologically for confirmation. The sham-operated rats underwent a similar procedure except that the adrenal glands were left in-situ.
One group was sham-operated (sham group) and was given vehicle via oral gavage 0.1 mL/kg/day and olein vehicle intramuscularly 0.05 mL/100 g/day. The four adrenalectomized treatment groups received 0.1 mL/100 g of normal saline 0.9% (negative control group), 200 and 400 mg/kg/day of kelulut honey, respectively via oral gavage, and 2% of calcium water (positive control group) via supplemental drink. All adrenalectomized treatment groups were administered with dexamethasone 120 μg/kg/day intramuscularly. The treatment continued for 8 weeks with one day break in the weekend according to Elvy Suhana et al [19] . The adrenalectomy and sham operation procedures were conducted under anaesthesia using 90 mg/kg ketamine (Ketalar ® ) (Troy Laboratories, Pty Ltd, Australia) and 10 mg/kg xylazine HCL (Xylazil-100 ® ) (Troy Laboratories, Pty Ltd, Australia). The rats were sacrificed 24 hours after the last dose of treatment under excess ketamine anaesthesia (100 mg/kg).
Sample collection
Both femurs were cleared from soft tissues. The right femurs were wrapped in gauze soaked with phosphate buffered saline and frozen at -80 曟 until use for structural analysis by micro-CT imaging. The left femurs were cut at the mid-shaft with a rotary blade (Black & Decker) to separate the proximal and distal halves. The proximal half was used for analysing oxidative stress enzymes while the distal half was cut longitudinally to separate the bones into medial and lateral sections for histomorphometry analysis.
Lipid peroxidation and oxidative stress enzyme
Oxidative stress enzymes ware measured using bone homogenates which were homogenized and then processed according to the procedures given by the manufactures. Oxidative stress enzymes including superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) were analysed using ELISA kits (Cayman Chemical Company, USA). Malondialdehyde (MDA) was measured for lipid peroxidation activity by using the ELISA kit (BioVision Incorporated, USA) [20] .
Bone structural analysis (micro-CT)
For the measurements of the structural bone parameter, the undecalcified samples were sent for imaging using micro-CT scanner machine produced by Bruker Corporation, USA. The images of each bone sample were captured for evaluation of the structure at the area of metaphyseal region of distal femur. The structural parameters included tissue volume, bone volume/tissue volume (BV/TV), trabecular bone thickness (Tb.Th), trabecular bone number (Tb.N), and trabecular bone separation (Tb.Sp) [21] . Images were reconstructed using installed NRecon TM software followed by the analysis to obtain quantitative information on the bone structure with CTAn TM software (Bruker, Belgium).
Histomorphometric analysis
Distal sections of longitudinally cut left femurs were first fixed in 10% formalin. After that, they were decalcified by emersion in 10% ethylenediaminetetraacetic acid solution for two months. The decalcified bone samples were embedded in paraffin wax, sectioned longitudinally into a thickness of 5-6 μm using microtome (Leica RM2235, Nussloch, Germany), and stained using haematoxylin and eosin. The sections were visualized under a light microscope (Nikon Eclipse 80i, Tokyo, Japan) [21] . The static histomorphometric parameters including osteoblast surface (Ob.S/BS) and osteoclast surface (Oc.S/BS) were measured using the Weibel technique using M42 grid adjusted on the captured image and calculated. The number of hit points ('hits') and the total number of lines cut ('intercepts') were also calculated and compared to that of references i.e. total volume or tissue surface [22] .
Measurement of both structural and histomorphometric parameters of bone was randomly performed at the metaphyseal region, which was located 3-7 mm from the lowest point of the growth plate and 1 mm from the lateral cortex, excluding the endocortical region. The selected area which was rich in trabecular bone was the secondary spongiosa area [23] .
Statistical analysis
Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) version 20 (IBM, Armonk, NY, USA). The dependent variables were normally distributed based on the Shapiro-Wilk test (P > 0.05) along with skewness and kurtosis z-values. This allowed for the comparison of all parameters among the study groups to be performed using one-way analysis of variance (ANOVA) with Tukey's HSD post hoc test, followed by the independent sample t test to measure statistical difference between the means of the two groups. All data were presented as mean ± SD. A P-value less than 0.05 was considered statistically significant.
Results
Lipid peroxidation and oxidative stress
Two-months of dexamethasone treatment significantly reduced the SOD activity in the femur (P = 0.000). However, CAT and GPx activities had no significant difference compared with sham group. There was an increase in lipid peroxidation as shown by a significant increase in MDA level in the bone (P = 0.023). The groups treated with 200 and 400 mg/kg of kelulut honey had significantly higher SOD activity (P = 0.005 and P = 0.001, respectively) and lower MDA activity (P = 0.000) compared to the control group, whereas the treatment did not change CAT and GPx activities significantly (Figure 1 ). Figure 2 presents the bone structural values. The BV/TV (P = 0.000) and Tb.N (P = 0.03) were significantly reduced and the Tb.Sp was significantly increased (P = 0.01) after 2 months in the control group compared to sham group. However, Tb.Th did not show any significant changes. By comparing with the control group, the groups treated with 200 and 400 mg/kg of kelulut honey significantly increased the BV/TV and decreased Tb.Sp. A significant increase was found in Tb.N in the group which received 400 mg/kg of kelulut honey (P = 0.02) while in Tb.Th with 200 mg/kg of kelulut honey treatment (P = 0.04). The changes in bone structural parameters were further evidenced by qualitatively evaluating the images of bone when comparing the kelulut honey-treated and the control groups by micro-CT (Figure 3 ).
Bone structural parameter (micro-CT)
Bone histomorphometry
Dexamethasone caused a significant decrease in the Ob.S/BS (P = 0.015), but with no significant change in the Oc.S/BS compared to the sham group. Both kelulut honey treatment groups significantly increased the Ob.S/BS (P = 0.000) and decreased the Oc.S/BS (P = 0.016 and P = 0.028, respectively) compared to the control group. In addition, there was no significant difference in the Ob.S/BS and the Oc.S/BS of both kelulut honey groups compared to the sham group (Figure 4) . The histological images of bone were captured ( Figure 5 ). Dexamethasone limited the number of bone-forming cells which were replaced by the fatty tissues. However, kelulut honey was able to preserve bone cellularity upon bone remodelling by maintaining the density and the number of osteoblasts with the greater distribution of the bone matrix. 
Discussion
The decreased SOD activity in this study suggested the deleterious component of two-month dexamethasone exposure which may cause excessive superoxide radicals demonstrated by the increased lipid peroxidation process shown by an increase in MDA. Together, a low SOD activity and a high level of MDA might have increased oxidative stress level, exposing the bone to oxidative damage. The findings were consistent with the other previous comparable studies in human with osteoporosis. Sontakke & Tare reported an increase in MDA and a decrease in SOD's antioxidant enzyme in parallel with most studies linking osteoporosis with increased lipid-peroxidation [24] . It was found that women with osteoporosis had high MDA levels and low GPx and CAT activities compared to non-porotic controls [25] . SOD was found to be significantly lower in postmenopausal women without hormone replacement therapy [26] . In the animal study, decreased SOD, as well as increased GPx and MDA activities were found in glucocorticoidinduced osteoporotic bone of adrenalectomized rats [27] .
Dexamethasone resulted in significant bone loss and bone structural changes by a decrease in BV/TV and Tb.N, as well as an increase in Tb.Sp. The findings in this study are in line with the study reported by Soelaiman et al [20] . Elvy Suhana et al, found a greater impact of dexamethasone suppression which caused a reduction not only on BV/ TV and Tb.N but also on Tb.Th parameters [19] . In other animal study, dexamethasone caused damages to the microstructure of the proximal femoral bone by decreasing Tb.Th, Tb.N, BV/TV, Conn D, and increasing Tb.Sp and structure model index [28] . Significant deleterious changes were observed in BV/TV, Tb.N and Tb.Sp in Pb exposure group in a study that combined the effect of stress and lead (Pb) on bone quality associated with alterations in glucocorticoid signaling. Interestingly, the co-exposure of stress and Pb amplified the adverse effect in those bone parameters similar to the glucocorticoid treatment group, suggesting that bone loss associated with steroid-induced osteoporosis is a consequence of sclerostin-mediated restriction of Wnt signaling [29] . In the postmenopausal women treated with 3 months of oral glucocorticoid, trabecular microarchitecture was deteriorated in radial bone, with lower trabecular number and thickness as well as greater separation compared with the control subject [30] . An increase in the Oc.S/BS and a decrease in the Ob.S/BS after twomonth glucocorticoid exposure are consistent with the results in the study by Soelaiman et al [20] . Different susceptibilities to glucocorticoidinduced oxidative stress had increased osteoclast activity and endurance, whereas osteoblasts decreased in lifetime and apoptosis [31] . Other studies have found that excessive endogenous and exogenous glucocorticoid levels increase the number of osteoclasts and reduce the number of osteoblasts. Osteoblast apoptosis [32] , by downregulating the expression of osteogenic genes like runt-related transcription factor 2 (Runx2) and osterix (Osx) [33] had caused the reduction of osteoblast precursors.
Kelulut honey treatment in rats receiving two-month dexamethasone caused a decrease in MDA activity in the rat's bones, indicating the reduction of lipid peroxidation. Increased SOD activity after kelulut honey treatment may have increased superoxide conversion into hydrogen peroxide which reduces superoxide anion levels to protect bone from free radicals and bone loss. The loss of bone mass may be overcome by ameliorating redox homeostasis to prevent osteoblast and osteocytes apoptosis while reducing osteoclast production [34] . These results are in agreement with previous study on the effect of honey on oxidative stress in ovariectomised rats [35] , but inconsistent with the study on postmenopausal women [36] . Antioxidant protection on osteoblast cells by polyphenol (apigenin) may be achieved through the enhancement of PI3K molecular pathways, Akt and ERK2 and increased expression of antioxidant enzymes such as SOD-1, SOD-2 and GPx [37] .
The administration of 400 mg/kg kelulut honey reversed the changes induced by dexamethasone in BV/TV, Tb.N, and Tb.Sp. In this study, the bone structural parameters in the kelulut honey treatment group might have provided antioxidant effects on bone microarchitecture. It was evidenced in previous animal study using Tualang honey that showed bone protective effects [23] . It was probably due to the osteoanabolic effect with enhanced osteoblast activity. The reduction in osteoblast apoptosis may be due to reduced TNF-毩 and IL-6 mediated by nitric oxide, carbon monoxide and hydrogen sulphide [38] . The decreased Tb.Sp may also be caused by the NF-毷 B signaling barrier that causes hindrance of the osteoclast differentiation process and decreases the bone re-sorption process [39] . The desired positive effect of kelulut honey may help to conserve bones by improving and maintaining bone microarchitecture against the negative effects of oxidative stress. Kelulut honey treatment groups showed improvement in the number of Oc.S/BS and Ob.S/BS. The ability of antioxidant agents to prevent the occurrence of osteoblast apoptosis reinforces the underlying mechanism of osteoporosis by oxidative stress [40] . The increase in the number of Ob.S in this study may be due to the role of kelulut honey containing polyphenols as an antioxidant that can increase the differentiation of mesenchymal cells to the osteoblast and plays a role in cross-talk of signaling pathways such as Wnt, bone morphogenic protein, Forkhead box protein O3, Runx2, and Osx that stimulate bone development [41] . Some types of polyphenols were found to have target against the Wnt pathway in the bone by promoting the osteoblast differentiation [42] , and preventing the function and differentiation of osteoclasts [43] . In general, various active metabolites of polyphenol may be present in the honey. Quercetin for example promoted the differentiation of osteoblasts by restoring mRNA and protein expression levels of osteoblast-specific genes such as Osx, Runx2, alkaline phosphatase and osteocalcin [44] while kaempferol inhibited autophagy and promoted apoptotic cell death and inhibited osteoclastogenesis in the RAW 264.7 cells [45] . Calcium supplementation in this study showed no significant difference in lipid peroxidation and oxidative stress compared with the control group. In bone structural analysis, calcium supplementation did not show any promising effect except for Tb.Th and BV/TV parameter. Furthermore, the effect of calcium was comparable to that of the control in static histomorphometry. This probably revealed the oxidative stress induced by dexamethasone could not be improved alone by regular calcium intake containing no antioxidants to offset the progress of osteoporosis.
Despite the favourable findings on kelulut honey above, further studies should be conducted regarding parameters such as bone forming and re-sorptive markers, dynamic histomorphometry, bone DEXA scan and bone biomechanical strength which will further validate the result of this study. Those parameters were not done due to limitation of samples and will be included in future study. Furthermore, in view of the sweetness of honey, rat's blood sugar level should have been measured pre and post treatment for any possibility of diabetes type 栻 developed from the persistent kelulut honey intake.
In conclusion, we found that kelulut honey reduced oxidative stress by reducing lipid peroxidation and increasing SOD in this study. It also maintained bone structure, increased osteoblast and reduced osteoclast number. Therefore, kelulut honey could be used as a prophylactic agent to prevent glucocorticoid-induced osteoporosis.
